US009143190B2

a2z United States Patent (10) Patent No.: US 9,143,190 B2
Stephens et al. (45) Date of Patent: Sep. 22, 2015
(54) SYSTEM AND METHOD FOR 6,263,013 B1* 7/2001 Hendrickson .....ccoo....... 375/150
6,363,049 B1* 3/2002 Chung ............... ... 370/210
DEMODULATING AN INCOMING SIGNAL 6,459,721 B1* 10/2002 Mochizuki et al. . .. 375/130
. 6,771,715 B1* 8/2004 Rivesetal. .............. 375/327
(71)  Applicants: James A. Stephens, Chandler, AZ (US); 7,123,670 B2 10/2006 Gilbert et al.
Dominique Delbecq, Fonsorbes (FR); 7,315,590 BL* 1/2008 Okuyama et al. ............. 375/344
Daniel M. Perrine, PhoeniX, AZ ([JS) 2002/0072854 Al* 6/2002 Fuchs et al. . ... 701/213
2003/0147457 Al* 82003 King etal. .. ... 375/148
(72) Inventors: James A. Stephens, Chandler, AZ (US); 2003/0202569 Al* 1012003 .Klm otal s 375/150
Dominique Delbecq, Fonsorbes (FR); (Continued)
Daniel M. Perrine, PhOGIliX, AZ (US) OTHER PUBLICATIONS
(73) Assignee: FREESCALE Moeller, F.; Belkerdid, M. A..; Malocha, D.C.; Buff, W., “Differential
SEMICONDUCTOR,INC, Austin, TX phase shift keying direct sequence spread spectrum single SAW
(as) based correlator receiver,” Ultrasonics, Ferroelectrics, and Fre-
quency Control, IEEE Transactions on , vol. 45, No. 3, pp. 537,538,
(*) Notice: Subject to any disclaimer, the term of this May 1998.*
patent is extended or adjusted under 35 (Continued)
U.S.C. 154(b) by 240 days.
(21) Appl. No.: 13/916,146 Primary Examiner — Daniel Washburn
Assistant Examiner — Amneet Singh
22) Filed: Jun. 12,2013 74) Attorney, Agent, or Firm — Sherry W. Schumm
€y, Ag ry
(65) Prior Publication Data (57) ABSTRACT
US 2014/0254636 Al Sep. 11, 2014 Methods and receiver circuits are provided for correlating an
incoming signal with PN codes. An embodiment of the
(51) Imt.ClL method includes receiving 1/Q baseband samples in the I/Q
H04B 1/00 (2006.01) domain; converting the I/Q baseband samples to phase base-
H04B 1/709 (2011.01) band samples; generating a pseudonoise (PN) code; convert-
(52) U.S.CL ing the PN codeto PN phase data; performing a correlation on
CPC oo H04B 1/709 (2013.01) the phase baseband samples using the PN phase data to gen-
(58) Field of Classification Search erate correlated 1/Q values; performing an adding operation
CPC ... HO4B 1/7073; HO04B 1/7087; HO04B 1/709; on the correlated I/Q values to generate demodulated 1/Q
HO4B 7/2628 values; converting the demodulated I/Q values into demodu-
See application file for complete search history. lated phase values; performing a frequency correction opera-
tion on the demodulated phase values to generate frequency
(56) References Cited correction data; converting the demodulated 1/Q values into
demodulated magnitude values; and performing signal
U.S. PATENT DOCUMENTS decoding and synchronization on the magnitude values to
4426712 A *  1/1984 Gorski-Popiel ... 375/343 generate output data. The operation gf performing correlathn
4550414 A * 10/1985 Guinonetal. . " 375/150 on the phase baseband samples using the PN phase data is
5390,207 A *  2/1995 Fenton etal. ....c.ccc... 375/149  accomplished using scalar subtraction.
6,055,264 A * 4/2000 Kenneyetal. ............... 375/150
6,128,331 A * 10/2000 Struhsakeretal. ........... 375/142 17 Claims, 5 Drawing Sheets
| ~
260~ CORRELATOR SUB-8LOCK !
! !
i 250~4 PHASE  f L CORRELATED
CURRENT ! 40 0 " IQDATA
ggggggyg: : ’ CORRELATED :
RRECTIO! CORR ‘
MMEDTELY Lo PHASEDATA
PREVIOUS i MU |
RESIDUAL H !
SeiL | CURRENT
OLDER _ !
RESDUAL | prs T Rg%igfi
SIGNAL : et ?NDngSE :
a | TA - ]
PNTO
N |
PN CODE :Z': |




US 9,143,190 B2
Page 2

(56)

2006/0093070 Al* 5/2006 Ibrahimetal. .........
2007/0104297 Al* 5/2007 Gorday ........
2008/0205492 Al* 8/2008 Gorday et al.
2008/0215269 Al* 9/2008 Chuggetal. .
2009/0310653 Al* 12/2009 Gorday ..............

References Cited

U.S. PATENT DOCUMENTS

...... 375/324
... 375/343
... 375/150

OTHER PUBLICATIONS

Luise et al, “Carrier Frequency Recovery in All-Digital Modems for
Burst-Mode Transmissions”, IEEE Transactions on Communica-
tions, vol. 43, No. 2/3/4, Feb./Mar./Apr. 1995, pp. 1169-1178.

.. 702/67

...... 375/149 * cited by examiner



U.S. Patent Sep. 22, 2015 Sheet 1 of 5 US 9,143,190 B2
180~  SYMBOL -
i} BECODE I~
W~ AND SYNG ouT
1T MAGNITUDE
CORRELATOR DATA
B0~ yoapper | JUPATA o TomAG. o160
TREE 4 AND PHASE
- CORRELATED " PHASE
= VADATA | | o rmequency () DATA
PN CODE . coRRELATOR L CORRECTION | rerauency 170
GENERATION 57| SUB-BLOCKS | CORRECTION
0 DATA “I’ TSUFFEREE INPUT
g-§§§§A It PHASE DATA
§
' Q1O 4 SYMBOL 120
L phase G| BUFFER
PHASE
DATA FIG. 1
[ T T T M T S T T A T YN M 4 A A e e v ey e e 3
200~ CORRELATOR SUB-BLOCK |
i i
s 250~ PHASE CORRELATED
CURRENT 230 010 G DATA
§§§§§§§8§ § f T ICORRELATED ;
i
MMEDIATELY E:i:‘ PHASEDATA
RESIDUAL : !
SIGNAL | CURRENT
OLDER | 3 > RESIDUAL
RESIDUAL m 2 RESDUA
BN TO IN220
PNCODE H  prase ::f::?@l |
b | B
INPUT
PHASE
| DATA




US 9,143,190 B2

Sheet 2 of 5

Sep. 22, 2015

U.S. Patent

REOD; OOy 0Dy 0Dy OOy ANOOy (MO0
[N el £l [viNd (SN (9N [ZNd
Nvivde [7]¥1¥0g ig]¥1¥0g iyl VL¥0g [q]¥1¥lg RER TIKEAIL
wov!
mr!.a

I T Ty vhieTTTTTr™Y VUCTTTTTTIITTY T B I
| 19 e e o g o [ L 10 B
=7 veso [T dozeso [T emso [ | veso [T 7| seso 71 esso [ T} a0 BRI
{ 7 . |

= o = o - - - J .
o XD o WXL eoor WOXD| ooz BIOX) D) cooz BIOX) | gonz 0MOX) | o 419X |
w amux“
w §oX |
{ |
! _
! _
| ¥ |
| Y v |
» ¥ ¥ ¥ ¥ ¥ ER] _
| 190! [71%0! [e1%01 190! Bl |
] SHOOTHHNS HOLY 0D |



US 9,143,190 B2

Sheet 3 of 5

Sep. 22, 2015

U.S. Patent

[o7]600 4 171800 4 lgz]H03 4 [5zHH03 [0 HH00 4 [1£]Hd03 4 [7e]HH00 4
97N [7Nd 87N [87INd 05N [LeiN [N
a0 97 V1¥0p TrARAAY [3]VL¥lg 57 Y1¥0g [ng]¥L¥dg [1g]¥i¥0g [z Y10y
i
N O T N 4o o I 4o 4
| 9219 ldo% lozl7x lez]9x —i0e]9X (169X [z819X =
| ) s 11 47880 187880 1] 82880 11 08880 11 eEso | zeEs0 | |
w o o o - - = S
m 92-002 12007 87-002 82-007 06007 L8002 75007 m
] i
| W |
¥ 21901

| g7lOx = ¥ el m
R ¥ 0] %% |
X - 3 ]
m 4 ¥ B2l ;
P [o7IX - ¥ (521901 m
| ' Lizl%ol |
i 071901 m
i i
w, SHOOTE-ENS HOLYTHNNO0S .m



U.S. Patent

Sep. 22, 2015 Sheet 4 of 5

US 9,143,190 B2

500~y
RECEIVE JQ BASEBAND SAMPLES 910
y
CONVERT I/ BASERAND SAMPLESTO  +-500
SCALAR PHASE VALUES
¥
PERFORM CORRELATION WITH 0
FREQUENCY COMPENSATION OR
AUTOCORRELATION, BASED ON
SCALAR PHASE VALUES TO GENERATE
CORRELATED PHASE VALUE
y
CONVERT CORRELATED PHASE 540
VALUES TO CORRELATED V0 VALUES
FREQUENCY A
" DECODING
ESTIMATION " o FREQUENCY DECODING
y s ¥
560 - CONVERT TO MAGNITUDE
CONVERT TO PHASE 580 VALUES
y 5
CREQUENCY CORRECTION 570 50~ PERFORMSIGNAL
VALUE BAGED ON PHAGE s%?é?%?zﬁ%%&
INFORMATION

FIG. 5



U.S. Patent Sep. 22, 2015 Sheet 5 of 5 US 9,143,190 B2
530~y
RECEIVE APN CODE SAMPLE ANINPUT |0
DATA PHASE SAMPLE, A CURRENT
FREQUENCY CORRECTION VALLE, AN
IAMEDIATELY PREVIOUS RESIDUAL SIGNAL,
AND AN FARLIER RESIDUAL SIGNAL
¥
CONVERT PN CODE SAMPLE TO 820
SCALAR PN PHASE VALUE
¥
SUBTRACT PN CODE PHASE VALUE FROM | _
THE INPUT DATA PHASE SAMPLE TO -630
GENERATE A CURRENT RESIDUAL SIGNAL
840
DECODING WITH ) DIFFERENTIAL
FREQUENCY . MODE? DECODING
CORRECTION MODE
FREQUENCY
85 860 ESTIMATION MODE 670
! { - 4 c
SUBTRACT CURRENT SUBTRACT EARLIER SUBTRACT IMMEDIATELY
FREQUENCY CORRECTION PREVIOUS RESIDUAL FREVIOUS RESIDUAL
VALUE FROM CURRENT BIGNAL FROM CURRENT BIGNAL FROM CURRENT
RESIDUAL SIGNAL TO RESIDUAL SIGNAL TO RESIDUAL SIGNAL TO
GENERATE CORRELATED GENERATE CORRELATED GENERATE CORRELATED
PHASE VALUE PHASE VALUE PHASE VALUE




US 9,143,190 B2

1
SYSTEM AND METHOD FOR
DEMODULATING AN INCOMING SIGNAL

FIELD OF THE INVENTION

Embodiments of the present invention relate in general to a
system and method for demodulating an incoming signal. In
particular they relate to demodulation circuits and methods
that perform correlation and autocorrelation in the phase
domain, and employ a single correlator element to achieve
frequency offset estimation and demodulation/decoding of an
incoming signal.

BACKGROUND OF THE INVENTION

In a wireless data transmission scheme, in order to
demodulate and decode an incoming signal it is generally
necessary to synchronize the clock of an incoming signal with
a local clock on the receiver. This requires the receiver to first
determine a frequency offset of the incoming signal with
respect to the local clock before it can begin demodulating in
decoding the signal.

One way of determining a frequency offset involves per-
forming autocorrelation on samples of the incoming signal
and looking for maximum points. Based on the location of
these maximum points, the receiver can determine a fre-
quency offset value between the clock of the incoming signal
and the receiver’s local clock.

Once the frequency correction value is determined, the
receiver can then proceed to a demodulation and decoding
operation. During this operation, the receiver will perform
correlation of the incoming signal with a known PN code to
identify where the symbols (i.e., chips) are.

Conventional frequency offset estimation and demodula-
tion/decoding operations are performed on I/Q data. When
1/Q data is used, both correlation and autocorrelation require
the receiver to perform complex multiplication. This complex
multiplication is a complicated operation that requires sig-
nificant circuitry to implement. Furthermore, as the amount
of circuitry required increases, so too does the amount of
power that circuitry uses, and the space required on a chip to
form that circuitry.

In addition, conventional frequency offset estimation
requires that multiple autocorrelation values be generated to
determine a frequency offset estimate. Also, each autocorre-
lation value that must be calculated requires additional time
and additional power.

Furthermore, conventional frequency offset estimation and
demodulation/decoding operations are implemented using
separate circuitry for each of these tasks. This serves to fur-
ther increase the power requirements for a signal demodula-
tor, as well as the required surface area of a chip required to
contain the signal demodulator.

It would therefore be desirable to provide a signal demodu-
lation circuit and method that is relatively simple in design,
may require lower power than conventional demodulation
circuits, may operate more quickly than conventional
demodulation circuits, and may take up less space on a chip
than conventional demodulation circuits.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying figures where like reference numerals
refer to identical or functionally similar elements and which
together with the detailed description below are incorporated
in and form part of the specification, serve to further illustrate
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an exemplary embodiment and to explain various principles
and advantages in accordance with the present invention.

FIG. 1 is a block diagram of a signal demodulator accord-
ing to a disclosed embodiment;

FIG. 2 is ablock diagram of a correlator sub-block from the
signal demodulator of FIG. 1 according to a disclosed
embodiment;

FIG. 3 is ablock diagram of a front portion of the correlator
sub-blocks element from the signal demodulator of FIG. 1
where N is 32 according to a disclosed embodiment;

FIG. 4 is a block diagram of a back portion of the correlator
sub-blocks element from the signal demodulator of FIG. 1
where N is 32 according to a disclosed embodiment;

FIG. 5 is flow chart showing a method of demodulating an
incoming signal according to a disclosed embodiment; and

FIG. 6 is a flow chart showing the operation of performing
correlation or autocorrelation of FIG. 5 according to a dis-
closed embodiment.

DETAILED DESCRIPTION

The instant disclosure is provided to further explain in an
enabling fashion the best modes of performing one or more
embodiments of the present invention. The disclosure is fur-
ther offered to enhance an understanding and appreciation for
the inventive principles and advantages thereof, rather than to
limit in any manner the invention. The invention is defined
solely by the appended claims including any amendments
made or claims added during the pendency of this application
and any applications claiming priority to this application and
all equivalents of those claims as issued.

Itis further understood that the use of relational terms such
as first and second, and the like, if any, are used solely to
distinguish one from another entity, item, or action without
necessarily requiring or implying any actual such relationship
or order between such entities, items or actions. It is noted that
some embodiments may include a plurality of processes or
steps, which can be performed in any order, unless expressly
and necessarily limited to a particular order; i.e., processes or
steps that are not so limited may be performed in any order.

Much of the inventive functionality and many of the inven-
tive principles when implemented, may be supported with or
in integrated circuits (ICs), such as dynamic random access
memory (DRAM) devices, static random access memory
(SRAM) devices, or the like. In particular, they may be imple-
mented using CMOS transistors. It is expected that one of
ordinary skill, notwithstanding possibly significant effort and
many design choices motivated by, for example, available
time, current technology, and economic considerations, when
guided by the concepts and principles disclosed herein will be
readily capable of generating such ICs with minimal experi-
mentation. Therefore, in the interest of brevity and minimi-
zation of any risk of obscuring the principles and concepts
according to the present invention, further discussion of such
ICs will be limited to the essentials with respect to the prin-
ciples and concepts used by the exemplary embodiments.

Signal Demodulator

FIG. 1 is a block diagram of a signal demodulator 100
according to a disclosed embodiment. In operation, this sig-
nal demodulator 100 will receive an incoming signal, deter-
mine a frequency offset value for that incoming signal, and
then proceed to demodulate and decode the incoming signal.

The embodiment described in FIG. 1 provides two differ-
ent ways of performing a frequency offset determination. The
first way of performing frequency offset determination is
through non-coherent detection (NCD). The NCD process
offers a high level of sensitivity, but may require slightly more
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power, as well as a known preamble, or the like, in the incom-
ing signal. The second way of performing a frequency offset
determination is through differential chip detection (DCD).
The DCD process may have lower sensitivity then the NCD
process, but may require lower power and can be used for
clear channel assessment, which can be used when there is no
preamble. For the purposes of the discussion below, the NCD
process will be referred to generally as a frequency correction
mode, while the DCD process will be referred to generally as
a differential mode.

As shown in FIG. 1, the signal demodulator 100 includes
an I/Q to phase converter 110, a symbol buffer 120, a PN code
generation element 130, a correlator sub-blocks element 140,
an 1/Q tree adder 150, an 1/Q to magnitude and phase con-
verter 160, a frequency correction element 170, and a symbol
decode and synchronization element 180. This signal
demodulator 100 can be implemented as a phase shift key
(PSK) direct sequence spread spectrum (DSSS) demodulator.

The 1/Q to phase converter 110 receives input /Q data (e.g.,
from an incoming data packet) and converts it from I/Q for-
mat into phase format, producing input phase data as scalar
phase values. In doing this, magnitude information is dis-
carded. This is not a problem if no data is encoded in the
magnitude of the input signal. Therefore, this signal demodu-
lator 100 may be limited to systems that encode data using
phase.

The symbol buffer 120 operates to buffer N data bits of the
input phase data, where N is equal to the symbol size. For
example, if the symbol size were 32, the symbol buffer would
buffer 32 data bits of the input phase data.

The PN code generation element 130 operates to generate
a pseudo noise (PN) code in I/Q format. This PN code is also
N bits in length (i.e., equal in length to the symbol size). Thus,
if the symbol size were 32, the PN code generation element
130 would output 32 bits of PN I/Q data.

The correlator sub-blocks element 140 receives the buff-
ered input phase data from the symbol buffer 120, the PN 1/Q
data from the PN code generation element 130, and a fre-
quency correction signal having N frequency correction val-
ues from the frequency correction element 170. The correla-
tor sub-blocks element 140 uses these three inputs to perform
one of two functions: autocorrelation on the buffered input
phase data, or correlation with frequency compensation. The
autocorrelation function can be performed according to either
the frequency correction mode or the differential mode.

The correlator sub-blocks element 140 can perform auto-
correlation on the buffered input phase data to generate infor-
mation that is used by the frequency correction element 170 to
generate the frequency correction values. This is typically
done at the beginning of a data packet (e.g., during the pre-
amble), when a frequency correction value is not known, but
no data is being sent.

The correlator sub-blocks element 140 can also perform
correlation with frequency compensation to generate infor-
mation that is used by the symbol decode and synchronization
element 180 to process data for decoding. This is typically
done during a data portion of a packet, after frequency cor-
rection information has been determined during an earlier
portion of the packet (e.g., during the preamble).

The correlator sub-blocks element 140 includes N indi-
vidual correlator sub-blocks. Thus, if the symbol size were
32, the correlator sub-blocks element 140 would include 32
individual correlator sub-blocks. Each individual correlator
sub-block receives one bit of the buffered input phase data,
one bit of the PN I/Q data, and one frequency correction
value. A correlator sub-block converts the bit of PN 1/Q data
into a scalar phase value, and subtracts the PN phase value
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from the bit of input phase data to create a residual signal.
Each correlator sub-block receives an immediately previous
residual signal, and a previous residual signal from several
sub-blocks previous to the current correlator sub-block (ex-
cepting sub-blocks at the front of the correlator sub-blocks
element 140, which do not have the appropriate previous sub
block orblocks). In the embodiment disclosed in FIGS. 1 to 3,
the previous residual signal from several sub-blocks previous
is from four sub-blocks previous. However, this is merely by
way of example.

If the correlator sub-blocks element 140 is performing
autocorrelation, then each individual correlator sub-block
subtracts one of the previous residual signals from a current
residual signal to generate correlated phase data. In particular,
if the immediately previous residual signal is used, autocor-
relation is performed in the differential mode. Likewise, if a
residual signal from several sub-blocks previous is used, the
autocorrelation is performed in the frequency correction
mode.

If, however, the correlator sub-blocks element 140 is per-
forming correlation with frequency correction, then each
individual correlator sub-block subtracts the appropriate fre-
quency correction value from the current residual signal to
generate the correlated phase data. In either case, the corre-
lated phase data is then converted back into I/Q format to form
N complex values of correlated I/Q data.

Thus, the correlator sub-blocks element 140 receives N bits
of'input phase data, N bits of PN phase data, and N frequency
correction values, and generates N complex values of corre-
lated or autocorrelated complex values.

The 1/Q tree adder 150 takes the N pieces of correlated I/Q
data and adds them together in an adder tree to generate N bits
of correlator 1/QQ data. If the correlator sub-blocks element
140 has performed autocorrelation function, the correlator
1/Q data includes information in its phase that can be used by
the frequency correction element 170 to generate the fre-
quency correction signal. If, however the correlator sub-
blocks element 140 has performed a correlation function, the
correlator I/Q data includes information in its magnitude that
can be used by the symbol decode and synchronization ele-
ment 180 to generate decoded output data.

The 1/Q to magnitude and phase converter 160 operates to
convert the correlator 1/Q data into phase data, which is pro-
vided to the frequency correction element 170, and magni-
tude data, which is provided to the symbol decode and syn-
chronization element 180.

The frequency correction element 170 receives the phase
data from the I/Q to magnitude and phase converter 160 and
uses this phase data to generate the frequency correction
signal. In particular, the frequency correction element 170
may quantize the phase data into a smaller size using a lookup
table so that the smaller phase data may be provided as an
individual frequency correction value. For example, the phase
data might be a 9-bit value, while a frequency correction
value might be a 5-bit value. In such a case, the frequency
correction element 170 would receive a 9-bit piece of phase
data and convert it, using a lookup table, to a 5-bit frequency
correction. The frequency correction signal is a vector con-
taining N frequency correction values. Typically, the best
frequency estimate, as determined by the largest correlation
magnitude from several preamble symbols, is used for
demodulation of the rest of a packet of data.

The symbol decode and synchronization element 180
receives the magnitude data from the 1/Q to magnitude and
phase converter 160, and uses this magnitude data to generate
output data, once the preamble is finished and a data portion
of the packet is received.
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Thus, the signal demodulator 100 of FIG. 1 uses the same
data path hardware for frequency offset estimation, data
demodulation with automatic frequency correction and data
demodulation using differential decoding. During a fre-
quency offset estimation period (e.g., during a preamble of a
received packet), the correlator sub-blocks element 140 per-
forms autocorrelation to estimate a frequency offset. How-
ever, during a dated decoding period (e.g., during a data
portion of a received packet), the same correlator sub-blocks
element 140 performs correlation with frequency compensa-
tion or correlation using differential decoding. In this way, the
signal demodulator 100 is simplified compared to a conven-
tional design, and the amount of required circuitry is reduced.

Furthermore, by performing autocorrelation, and correla-
tion with frequency compensation functions in the phase
domain, the signal demodulator 100 of FIG. 1 can implement
these functions using scalar subtraction operations. In con-
trast, if these functions were performed in the I/Q domain
these functions likely would be implemented using a complex
multiplication, which may be a more complicated and power-
hungry operation to implement.

Correlator Sub-Blocks

FIG. 2 is a block diagram of an individual correlator sub-
block 200 from the signal demodulator of FIG. 1 according to
a disclosed embodiment. As shown in FIG. 2, an individual
correlator sub-block 200 includes a PN-to-phase converter
210, a first subtractor 220, a multiplexer 230, a second sub-
tractor 240, and a phase-to-1/Q converter 250.

The PN-to-phase converter 210 receives a bit of the PN
code in the I/QQ domain, and converts it to a phase value to
generate one bit of PN phase data.

The first subtractor 220 receives one bit of input phase data
and subtracts the one bit of PN phase data from the one bit of
input phase data to generate a current residual signal for the
correlator sub-block 200.

The multiplexer 230 receives a current frequency correc-
tion value, an immediately previous residual signal from an
immediately previous correlator sub-block, and an older
residual signal from a correlator sub-block several positions
previous to the current correlator sub-block 200. Based on a
control signal (not shown), the multiplexer 230 selects one of
these three signals as an output signal. In the disclosed
embodiment, the older residual signal is from a correlator
sub-block that is four positions previous to the current corr-
elator sub-block 200. However, this is by way of example
only. In alternate embodiments, the older residual signal can
be from a correlator sub-block that is more or less than four
positions previous. In general, an autocorrelation lag (i.e.,
how many positions previous to the current correlator sub
blocks 200 is the correlator sub block that provides the older
residual signal) is selected to be greater than one and as large
as it can be without introducing aliasing.

The second subtractor 240 subtracts the output of the mul-
tiplexer 230 from the current residual signal to generate cor-
related phase data. This correlated phase data represents
something different, depending upon which of the inputs of
the multiplexer 230 is selected as output of the multiplexer
230.

When the multiplexer 230 selects the older residual signal
from a correlator sub-block several positions previous to the
current correlator sub-block 200, the signal demodulator 100
is operating in the frequency correction mode, in which an
autocorrelation between two received symbols, separated in
time by a set amount, is used to determine an estimate for a
frequency correction value. In this case, the correlated phase
data represents information that can be used by the frequency
correction element 170 to generate frequency correction val-
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ues. More specifically, the phase of the autocorrelation value
is proportional to the frequency offset. This allows the auto-
correlation operation to use a single autocorrelation value for
frequency estimation rather than multiple autocorrelation
values.

When the multiplexer 230 selects the immediately previ-
ous residual signal as an output signal, the signal demodulator
100 is operating in the differential mode, in which the imme-
diately previous residual signal is effectively used as the
frequency correction value. As shown in FIG. 2, the demodu-
lation process is the same between a decoding mode and a
differential mode, with the exception that instead of using a
previously calculated frequency correction value (in the
decoding mode), the immediately previous residual signal is
used (in the differential mode). In the differential mode, the
values from the frequency correction block 170 are not used.

When the multiplexer 230 selects the current frequency
correction value as an output signal, the signal demodulator
100 is operating in a decoding mode, in which a correlation
between input phase data and a PN code, corrected for fre-
quency, is used to decode the information contained in the
input phase data. However, this operation can only be per-
formed once the frequency correction values have been deter-
mined.

The phase-to-1/Q converter 250 operates to convert the
correlated phase data into correlated I/Q data.

FIG. 3 is a block diagram of a front portion 140A of the
correlator sub-blocks element 140 from the signal demodu-
lator of FIG. 1 where N is 32 according to a disclosed embodi-
ment, while FIG. 4 is a block diagram of a back portion 140B
of the correlator sub-blocks element 140 from the signal
demodulator of FIG. 1 where N is 32 according to the dis-
closed embodiment. FIG. 3 illustrates the last seven correlator
sub-blocks 200-25, 200-27, 200-28, 200-29, 200-30, 200-31,
200-32 in the correlator sub-blocks element 140, and 4 illus-
trates the first seven correlator blocks 200-1, 200-2, 200-3,
200-4, 200-5, 200-6, 200-7 in the correlator sub-blocks ele-
ment 140. As shown in FIGS. 3 and 4, each i” correlator
sub-block 200-i receives an i frequency correction value
F cormpps an i” PN bit value PN[i], an i” buffered input bit
phase value ,,,,,[i], an (i+1)* residual value x [i+1], and an
(i+4)™ residual value x[i+4]. Each i correlator sub-block
200-i generates an i” residual value x .[i] and an i”* correlated
1/Q data value 1Q_[1i].

The first through 32”7 correlated 1/Q data values IQ_[1]-
1Q_[32] are provided to the 1/Q adder tree 150 as the 32
correlated 1/Q data values.

In this exemplary embodiment, i varies from 1 to 32. How-
ever, more generically, i can vary from 1 to N, for any selected
value of N. N is selected in some embodiments to be equal to
the symbol size. The connections of a length N correlator
sub-block element 140 would be comparable to the connec-
tions shown in FIGS. 3 and 4 for a length 32 correlator
sub-block element 140.

In addition, it should be noted that, because i only goes as
high as 32 (i.e., N) in the disclosed embodiment, there is no
33" ((N+1)™) correlator sub-block, so the 32”4 (N*) correla-
tor sub-block 200-32 (200-N) does not receive a 33" residual
signal x-[33] (X [N+1]) (i.e., an immediately previous
residual signal). Similarly, the 29 correlator sub-block 200-
29 does not receive a 33" residual signal x -[33] (x [N+4]),
since there is no 33" (N+1)™) correlator sub-block; the 30?
correlator sub-block 200-30 does not receive a 34™ residual
signal x [34] (x [N+2]), since there is no 34" (N+2)") cor-
relator sub-block; the 31* correlator sub-block 200-31 does
not receive a 35” residual signal x.[35] (x-[N+3]), since
there is no 35% ((N+3)™) correlator sub-block; and the 324
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correlator sub-block 200-32 does not receive a 36” residual
signal x-[36] (x [N+4]), since there is no 36” (N+4)") cor-
relator sub-block. In other words, these correlator sub-blocks
200-29, 200-30, 200-31, 200-32 do not receive the older
previous residual signal. The operation of these correlator
sub-blocks 200-29, 200-30, 200-31, 200-32 is adjusted to
account for these missing input signals.

A receiver circuit is provided, comprising: a first conver-
sion circuit configured to convert received 1/Q baseband
samples in the I/QQ domain to phase baseband samples in the
phase domain; a symbol buffer configured to store one sym-
bol length of phase baseband samples; a pseudonoise (PN)
code generator configured to generate a PN code; a correlator
circuit configured to correlate one symbol length of the phase
baseband samples with the PN code in the phase domain to
generate correlated I/Q data using frequency correction data;
an 1/Q adder tree configured to perform an adding operation
on the correlated 1/QQ data to generate demodulated 1/Q data;
a third conversion circuit configured to convert the demodu-
lated I/Q data to demodulated magnitude data and demodu-
lated phase data; a frequency correction circuit configured to
generate the frequency correction data based on the demodu-
lated phase data; and a symbol decode and synchronization
circuit configured to generate decoded output data based on
the demodulated magnitude data, wherein the correlator cir-
cuit is configured to correlate the phase baseband samples
with the PN code using scalar subtraction.

The correlator may further comprise N correlator sub-
blocks connected in series with each other, an i” correlator
sub-block including: an i”” PN conversion circuit configured
to convert the PN code to i” PN phase data; an i PN subtrac-
tor configured to subtract the i” PN phase data from an i”
portion of the phase baseband samples to generate an i”
residual signal; an i correction subtractor configured to sub-
tract an i” correction value from the i” residual signal to
generate an i” correlated phase value; and a phase conversion
circuit configured to convert the i” correlated phase value to
an i” correlated I/Q value, wherein the i? correction value is
one of: an i” frequency offset, an (i-1)” residual signal, or an
(i-x)" residual signal, where i is an integer that varies from 1
to N, and where x is an integer greater than 1.

The i correction value may be the (i-x)” residual signal,
and the i” correlated phase values may be represent the cur-
rent frequency offset.

The correlator circuit may be further configured to corre-
late a plurality of symbol lengths of the phase baseband
samples with the PN code in the phase domain to generate a
plurality of sets of correlated I/Q data using the (i-x)” residual
signal in each of the correlator sub-blocks, the frequency
correction circuit may be further configured to generate the
frequency correction data based on a plurality of sets of
demodulated phase data, and a final set of frequency correc-
tion data may be selected to be a set of frequency correction
data associated with a set of correlated 1/Q data having a
largest correlation magnitude.

When the correction value is the i frequency offset, the i
correlated phase values may represent correlated phase data.
When the correction value is the (i-1)” residual signal, the i”*
correlated phase values may represent an estimated frequency
offset.

A receiver circuit is provided, comprising: means for
receiving I/QQ baseband samples in the I/QQ domain; means for
converting the 1/Q baseband samples to phase baseband
samples; means for generating a pseudonoise (PN) code;
means for converting the PN code to PN phase data; means for
performing a correlation on the phase baseband samples
using the PN phase data to generate correlated 1/Q values;
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means for performing an adding operation on the correlated
1/Q values to generate demodulated 1/QQ values; means for
converting the demodulated 1/Q values into demodulated
phase values; means for performing a frequency correction
operation on the demodulated phase values to generate fre-
quency correction data; means for converting the demodu-
lated 1/Q values into demodulated magnitude values; and
means for performing signal decoding and synchronization
on the magnitude values to generate output data, wherein the
means for performing correlation on the phase baseband
samples using the PN phase data is configured to perform the
correlation using scalar subtraction.

The means for performing a correlation may further com-
prise: means for subtracting the PN phase data from the phase
baseband samples to generate a current residual signal; means
for subtracting a correction value from the current residual
signal to generate correlated phase values; and means for
converting the correlated phase values to the correlated 1/Q
values, wherein the correction value is one of: a current fre-
quency offset, an immediately previous residual signal, or an
older residual signal generated prior to the immediately pre-
vious residual signal.

When the correction value is the older residual signal, the
correlated phase values may represent the current frequency
offset.

The means for performing a correlation may be further
configured to generate a plurality of sets of correlated 1/Q
values, the means for performing a frequency correction
operation may be further configured to convert the plurality of
sets of correlated I/Q values to a plurality of sets of frequency
correction data, and a final set of frequency correction data
may be selected to be a set of frequency correction data
associated with a set of correlated I/Q values having a largest
correlation magnitude.

When the correction value is the frequency offset, the cor-
related phase values represent correlated phase data. When
the correction value is the immediately previous residual
signal, the correlated phase values represent an estimated
frequency offset.

During a preamble, the correlation operation may require
two clock cycles, and the estimated frequency offset may be
used as the current frequency offset.

Method of Demodulating an Incoming Signal

FIG. 5 is flow chart showing a method of demodulating an
incoming signal according to a disclosed embodiment. As
shown in FIG. 5, operation begins when a signal demodulator
receives a plurality of I/Q baseband samples (510). These I/Q
baseband samples can come directly from an antenna, from a
front end processor, or any similar source.

The signal demodulator then converts the 1/Q baseband
samples to scalar phase values (520). In doing so, the signal
demodulator discards the magnitude data, which reduces the
required number of registered bits in a symbol buffer that
receives the scalar phase values. As noted above, this does not
inhibit a decoding operation if data is only encoded in the
phase of the incoming signal.

The signal demodulator then performs correlation with
frequency compensation or autocorrelation, based on the sca-
lar phase values in order to generate correlated phase values
(530). The system performs autocorrelation during a fre-
quency offset determination period, and performs correlation
with frequency compensation during a demodulation/decod-
ing period that occurs after the frequency offset determination
period.

In some embodiments, both the autocorrelation and corre-
lation with frequency compensation will be performed on a
symbol basis. In other words, autocorrelation and correlation
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with frequency compensation will be performed on a data
sample that has a length equal to the symbol size.

The correlated phase values are then converted to correla-
tor 1/Q values (540). In some embodiments, this operation can
be accomplished through the use of an adder tree.

Once the correlator [/Q values are determined, the signal
demodulator determines whether they will be used for decod-
ing or for frequency estimation (550). This decision occurs
because the same circuitry is used for both decoding and
frequency estimation. Therefore, a determination is made as
to what the correlator 1/Q values represent.

If a frequency estimation operation is being performed, the
correlator 1/QQ values are converted to scalar phase values
(560), and these scalar phase values are used to determine a
current frequency correction value (i.e., a frequency offset)
(570). In one embodiment, the determination of a current
frequency correction value can be determined by examining
autocorrelation values from several preamble symbols and
selecting the result associated with the largest correlation
magnitude.

If, however, a decoding operation is being performed, the
correlator I/Q) values are converted to magnitude values (580),
and these magnitude values are used to perform signal decod-
ing and synchronization (590).

In this way, the same initial operations can be performed in
the same circuitry, regardless of whether a frequency estima-
tion operation or a decoding operation is being performed.
This can serve to simplify both the frequency estimation and
decoding processes, as well as the circuitry required to imple-
ment them.

FIG. 6 is a flow chart showing the operation of performing
correlation or autocorrelation 530 of FIG. 5 according to a
disclosed embodiment.

As shown in FIG. 6, this process begins by receiving one
pseudo noise (PN) code sample, one input data phase sample,
a frequency correction value, an immediately previous
residual signal, and an earlier residual signal (610).

The PN code sample is then converted to a scalar PN phase
value (620). This PN phase value is then subtracted from the
input data phase sample to generate a current residual signal
(630). This operation is essentially a correlation operation
between the PN phase value and the input data phase sample.
However, because this operation is taking place in the phase
domain, it is performed using a scalar subtraction operation,
rather than a complex multiplication operation.

A determination is then made as to what mode the input
decoder is operating in (640). In particular, it could be oper-
ating in a decoding mode, a frequency estimation mode, or a
differential decoding mode.

It the signal decoder is operating in the decoding mode the
current frequency correction value is subtracted from the
current residual signal to generate the correlated phase value
(650). In this case, the correlated phase value represents a
correlation between the PN code sample and the input data
phase sample, with frequency correction.

If the signal decoder is operating in the frequency estima-
tion mode, the earlier residual signal is subtracted from the
current residual signal to generate the correlated phase value
(660). In this case, the correlated phase value represents an
autocorrelation of the input data phase sample with an auto-
correlation of lag equal to the distance between the earlier
residual signal and the current residual signal.

If the signal decoder is operating in the differential decod-
ing mode, the immediately previous residual signal is sub-
tracted from the current residual signal to generate the corre-
lated phase value (670).
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Regardless of whether the signal decoder is operating in the
decoding mode, the frequency estimation mode, or the dif-
ferential decoding mode, however, each of these operations
(650, 660, 670) involves subtracting a single value from the
current residual signal. Thus, the same circuitry can be used,
regardless of the mode, providing there is a way to select
between the current frequency correction value, the earlier
previous residual signal, and the immediately previous
residual signal.

Furthermore, although the above embodiments disclose a
system and method in which both a differential decoding
mode and a frequency estimation mode are provided, alter-
nate embodiments could eliminate one of these frequency
offset estimation modes.

A method for correlating an incoming signal with PN
codes is provided, comprising: receiving 1/Q baseband
samples in the I/Q domain; converting the I/Q baseband
samples to phase baseband samples; generating a pseud-
onoise (PN) code; converting the PN code to PN phase data;
performing a correlation on the phase baseband samples
using the PN phase data to generate correlated 1/Q values;
performing an adding operation on the correlated 1/Q values
to generate demodulated I/Q values; converting the demodu-
lated I/Q values into demodulated phase values; performing a
frequency correction operation on the demodulated phase
values to generate frequency correction data; converting the
demodulated I/Q values into demodulated magnitude values;
and performing signal decoding and synchronization on the
magnitude values to generate output data, wherein the opera-
tion of performing correlation on the phase baseband samples
using the PN phase data is accomplished using scalar sub-
traction.

The method may further comprise: subtracting the PN
phase data from the phase baseband samples to generate a
current residual signal; subtracting a correction value from
the current residual signal to generate correlated phase val-
ues; and converting the correlated phase values to the corre-
lated I/Q values, wherein the correction value is one of: a
current frequency offset, an immediately previous residual
signal, or an older residual signal generated prior to the imme-
diately previous residual signal.

The correction value may be the older residual signal, the
correlated phase values may represent the current frequency
offset.

The operations of receiving I/Q baseband samples, con-
verting the I/Q baseband samples, generating a pseudonoise
(PN) code, converting the PN code, and performing a corre-
lation, may be performed multiple times to generate a plural-
ity of sets of correlated 1/QQ values, the operations of perform-
ing an adding operation on the correlated I/Q values to
generate demodulated 1/QQ values, converting the demodu-
lated I/Q values into demodulated phase values, and perform-
ing a frequency correction operation may be performed mul-
tiple times to convert the plurality of sets of correlated 1/Q
values to a plurality of sets of frequency correction data, and
a final set of frequency correction data may be selected to be
a set of frequency correction data associated with a set of
correlated I/Q) values having a largest correlation magnitude.

When the correction value is the frequency offset, the cor-
related phase values may represent correlated phase data.
When the correction value is the immediately previous
residual signal, the correlated phase values may represent an
estimated frequency offset. During a preamble, the correla-
tion operation may requires two clock cycle, and the esti-
mated frequency offset may be used as the current frequency
offset.
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Conclusion

This disclosure is intended to explain how to fashion and
use various embodiments in accordance with the invention
rather than to limit the true, intended, and fair scope and spirit
thereof. The foregoing description is not intended to be
exhaustive or to limit the invention to the precise form dis-
closed. Modifications or variations are possible in light of the
above teachings. The embodiment(s) was chosen and
described to provide the best illustration of the principles of
the invention and its practical application, and to enable one
of ordinary skill in the art to utilize the invention in various
embodiments and with various modifications as are suited to
the particular use contemplated. All such modifications and
variations are within the scope of the invention as determined
by the appended claims, as may be amended during the pen-
dency of this application for patent, and all equivalents
thereof, when interpreted in accordance with the breadth to
which they are fairly, legally, and equitably entitled. The
various circuits described above can be implemented in dis-
crete circuits or integrated circuits, as desired by implemen-
tation.

What is claimed is:

1. A method for correlating an incoming signal with pseud-
onoise (PN) codes, comprising:

receiving real/imaginary (I/Q) baseband samples in the 1/Q

domain;

converting the I/Q baseband samples to phase baseband

samples;

generating, by a PN code generator, a PN code;

converting the PN code to PN phase data;

performing, by a correlator circuit, a correlation on the

phase baseband samples using the PN phase data to

generate correlated I/Q values, wherein performing the

correlation includes

subtracting the PN phase data from the phase baseband
samples to generate a current residual signal,

subtracting a correction value from the current residual
signal to generate correlated phase values, wherein
the correction value is one of: a current frequency
offset, an immediately previous residual signal, or an
older residual signal generated prior to the immedi-
ately previous residual signal, and

converting the correlated phase values to the correlated
1/Q values;

performing an adding operation on the correlated I/Q val-

ues to generate demodulated I/Q values;

converting the demodulated 1/Q values into demodulated

phase values;

performing, by a frequency correction circuit, a frequency

correction operation on the demodulated phase values to
generate frequency correction data;

converting the demodulated 1/Q values into demodulated

magnitude values; and

performing signal decoding and synchronization on the

magnitude values to generate output data,

wherein the operation of performing correlation on the

phase baseband samples using the PN phase data is
accomplished using scalar subtraction.

2. The method of claim 1, wherein when the correction
value is the older residual signal, the correlated phase values
represent the current frequency offset.

3. The method of claim 2, wherein

the operations of receiving 1/Q baseband samples, convert-

ing the I/Q baseband samples, generating a pseudonoise
(PN) code, converting the PN code, and performing a
correlation, are performed multiple times to generate a
plurality of sets of correlated I/Q values,
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the operations of performing an adding operation on the
correlated I/QQ values to generate demodulated I/Q val-
ues, converting the demodulated 1/Q wvalues into
demodulated phase values, and performing a frequency
correction operation are performed multiple times to
convert the plurality of sets of correlated I/Q values to a
plurality of sets of frequency correction data, and

afinal set of frequency correction data is selected to be a set
of frequency correction data associated with a set of
correlated I/QQ values having a largest correlation mag-
nitude.

4. The method of claim 1, wherein when the correction
value is the frequency offset, the correlated phase values
represent correlated phase data.

5. The method of claim 1, wherein when the correction
value is the immediately previous residual signal, the corre-
lated phase values represent an estimated frequency offset.

6. The method of claim 5, wherein during a preamble,

the correlation operation requires two clock cycles, and

the estimated frequency offset is used as the current fre-
quency offset.

7. A receiver circuit, comprising:

a first conversion circuit configured to convert received
real/imaginary (I/Q) baseband samples in the 1/Q
domain to phase baseband samples in the phase domain;

a symbol buffer configured to store one symbol length of
phase baseband samples;

a pseudonoise (PN) code generator configured to generate
a PN code;

a correlator circuit configured to correlate one symbol
length of the phase baseband samples with the PN code
in the phase domain to generate correlated I/QQ data using
frequency correction data, wherein the correlator com-
prises N correlator sub-blocks connected in series with
each other, an i” correlator sub-block including:
ani” PN conversion circuit configured to convert the PN

code to i’ PN phase data,
an i” PN subtractor configured to subtract the i PN
phase data from an i portion of the phase baseband
samples to generate an i” residual signal,
an i correction subtractor configured to subtract an i
correction value from the i residual signal to gener-
ate an i? correlated phase value, and
a phase conversion circuit configured to convert the i
correlated phase value to an i correlated I/Q value,
wherein the i” correction value is one of: an i” fre-
quency offset, an (i-1)” residual signal, oran (i-x)”
residual signal,
wherein 1 is an integer that varies from 1 to N, and
wherein X is an integer greater than 1;

an 1/Q adder tree configured to perform an adding opera-
tion on the correlated 1/Q data to generate demodulated
1/Q data;

a second conversion circuit configured to convert the
demodulated I/Q data to demodulated magnitude data
and demodulated phase data;

a frequency correction circuit configured to generate the
frequency correction data based on the demodulated
phase data; and

a symbol decode and synchronization circuit configured to
generate decoded output data based on the demodulated
magnitude data,

wherein the correlator circuit is configured to correlate the
phase baseband samples with the PN code using scalar
subtraction.
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8. The receiver circuit of claim 7, wherein when the i”
correction value is the (i-x)” residual signal, and the i cor-
related phase values represent the current frequency offset.

9. The receiver circuit of claim 7, wherein

the correlator circuit is further configured to correlate a

plurality of symbol lengths of the phase baseband
samples with the PN code in the phase domain to gen-
erate a plurality of sets of correlated 1/Q data using the
(i-x)" residual signal in each of the correlator sub-
blocks,

the frequency correction circuit is further configured to

generate the frequency correction data based on a plu-
rality of sets of demodulated phase data, and

afinal set of frequency correction data is selected to be a set

of frequency correction data associated with a set of
correlated 1/QQ data having a largest correlation magni-
tude.

10. The receiver circuit of claim 7, wherein when the cor-
rection value is the i? frequency offset, the i”” correlated phase
values represent correlated phase data.

11. The receiver circuit of claim 7, wherein when the cor-
rection value is the (i-1)” residual signal, the i correlated
phase values represent an estimated frequency offset.

12. A receiver circuit, comprising:

means for receiving real/imaginary (1/Q) baseband

samples in the I/Q domain;

means for converting the I/Q baseband samples to phase

baseband samples;

means for generating a pseudonoise (PN) code;

means for converting the PN code to PN phase data;

means for performing a correlation on the phase baseband

samples using the PN phase data to generate correlated

1/Q values, wherein the means for performing a correla-

tion further comprises:

means for subtracting the PN phase data from the phase
baseband samples to generate a current residual sig-
nal,

means for subtracting a correction value from the current
residual signal to generate correlated phase values,
wherein the correction value is one of: a current fre-
quency offset, an immediately previous residual sig-
nal, or an older residual signal generated prior to the
immediately previous residual signal, and

means for converting the correlated phase values to the
correlated 1/Q values;

means for performing an adding operation on the corre-

lated 1/Q values to generate demodulated 1/Q values;
means for converting the demodulated I/Q values into
demodulated phase values;

means for performing a frequency correction operation on

the demodulated phase values to generate frequency
correction data;

means for converting the demodulated I/Q values into

demodulated magnitude values; and
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means for performing signal decoding and synchroniza-
tion on the magnitude values to generate output data,

wherein the means for performing correlation on the phase
baseband samples using the PN phase data is configured
to perform the correlation using scalar subtraction.

13. The receiver circuit of claim 12, wherein when the
correction value is the older residual signal, the correlated
phase values represent the current frequency offset.

14. The receiver circuit of claim 12, wherein when the
correction value is the frequency offset, the correlated phase
values represent correlated phase data.

15. The receiver circuit of claim 12, wherein when the
correction value is the immediately previous residual signal,
the correlated phase values represent an estimated frequency
offset.

16. The receiver circuit of claim 15, wherein during a
preamble,

the correlation operation requires two clock cycles, and

the estimated frequency offset is used as the current fre-

quency offset.

17. A receiver circuit, comprising:

means for receiving real/imaginary (I/Q) baseband

samples in the I/QQ domain;

means for converting the I/QQ baseband samples to phase

baseband samples;

means for generating a pseudonoise (PN) code;

means for converting the PN code to PN phase data;

means for performing a correlation on the phase baseband

samples using the PN phase data to generate correlated
1/Q values, wherein the means for performing a correla-
tion is further configured to generate a plurality of sets of
correlated 1/QQ values, and wherein the means for per-
forming a correlation is further configured to perform
the correlation using scalar subtraction;

means for performing an adding operation on the corre-

lated 1/Q values to generate demodulated 1/Q values;
means for converting the demodulated I/Q values into
demodulated phase values;
means for performing a frequency correction operation on
the demodulated phase values to generate frequency
correction data, wherein the means for performing a
frequency correction operation is further configured to
convert the plurality of sets of correlated I/Q values to a
plurality of sets of frequency correction data, and a final
set of frequency correction data is selected to be a set of
frequency correction data associated with a set of corre-
lated I/Q values having a largest correlation magnitude;

means for converting the demodulated I/Q values into
demodulated magnitude values; and

means for performing signal decoding and synchroniza-

tion on the magnitude values to generate output data.
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